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1. Introduction 
Numerous studies have been devoted in the last 
years to the development of mass spectrometric 
methods for the sequence determination of peptides 
[ 1,2]. Most advanced among this work has been so 
far the rigorous chemical derivatization of oligopep- 
tides to achieve sufficient volatility for the applica- 
tion of conventional (electron impact, EI) mass spec- 
trometry [2-41. For example, the analysis by gas 
chromatography-mass spectrometry (GC-MS) of 
mixtures of oligopeptide fragments derivatized after 
chemical or enzymatic hydrolysis of polypeptides has 
been successfully used for sequence determinations 
[2,5]. Major limitations of this approach are that only 
small peptide derivatives are amenable to GC-MS, 
and the relatively large amount of original peptide 
needed. More recently, mass spectra of underivatized 
peptides have been obtained by field desorption (FD) 
mass spectrometry [6], a technique that does not 
require any volatility of the sample to be ionized. It 
was shown that FD mass spectra of oligopeptides 
usually exhibit molecular ions (e.g., protonated, MH’ 
ions) of high intensity, with relatively little fragmenta- 
tion [7,8]. While studies of thermally or collision- 
induced fragmentation in FD spectra of peptides 
[9-l l] so far indicate only limited utility for obtain- 
ing structural information, the possibility of analysing 
peptide mixtures by means of the predominant molec- 
ular ions has been suggested [121. FD mass spectrom- 
etry in combination with Edman degradation-sub- 
tractive analysis has been reported [ 131. 
the available enzymes (e.g., contamination with endo- 
peptidase or different types of exopeptidase activity), 
and the problem of determining repetitive amino acid 
residues have limited their application so far. Attempts 
to overcome these difficulties have been made such as 
the addition of endopeptidase inhibitors [ 14,151 and 
solid-phase sequencing with exopeptidases [161. How- 
ever, the characteristic feature of the inhomogeneous 
kinetics of exopeptidase digestion which, in principle, 
should match well the capability of FD mass spec- 
trometry to analyse peptide mixtures prompted our 
interest to test the combination of both methods for 
peptide sequencing. Here, fast and unequivocal se- 
quence determinations were obtained for 2 oligopep- 
tides by direct FD mass spectral analysis of aliquots 
taken from partial amino- and carboxypeptidase digests 
The finding that FD mass spectra of exopeptidase 
digests provided reliable sequence data without any 
separation step required, and with amounts of material 
at the sub-nanomole level indicate that this combina- 
tion may prove to be a valuable approach among the 
instrumentarium for the sequence determination of 
peptides. 
2. Materials and methods 
Digestion with exopeptidases is one of the classical 
methods which has been widely used for peptide 
sequencing [14,15]. The complexity resulting from 
the non-linear kinetics, the relatively low purity of 
Leu-Trp-Met-Arg-Phe-Ala, Glu-Thr-Tyr- 
Ser-Lys and peptides with corresponding partial 
sequences were obtained from Serva (Heidelberg). 
The enzymes were from the following sources: Car- 
boxypeptidase A and B (Cpase A,B, both diisopropyl- 
fluorophosphate-treated), Worthington Biochemicals 
(Freehold NJ); aminopeptidase M (Apase M), PLBio- 
chemicals (Milwaukee WI). Cpases were dialysed against 
0.1 M pyridinium acetate as in [16]. Apase was dia- 
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lysed against water at 4°C. Three-times distilled 
deionized water and acetic acid of highest available 
purity (Merck, Darmstadt) were used as solvents for 
FD mass spectrometry. 
A Durrum D500 amino acid analyzer was used for 
amino acid determinations directly from partly digested 
mixtures [ 16,171. FD mass spectrometry was per- 
formed with a Finnigan MAT 3 12 spectrometer/SS 
188 data system. The combined FD/EI ion source of 
the instrument was equipped with a precisely adjust- 
able direct insertion probe [ 181. Activated carbon field 
ion emitters with average needle lengths of 30-40 V 
were prepared by the high-temperature activation 
procedure [ 191. A three-dimensional micromanipulator 
[7,18] was used for sample loading onto the emitter 
with a microliter syringe. An emitter heating current 
(EHC) programmer (Linden, Bremen) was used for 
heating the emitter at linear rates or in the emission- 
controlled mode [20]. Accumulation of spectra 
acquired during the temperature-programmed desorp- 
tion was performed by the data system [ 181. Mass 
calibration was carried out by EI spectra of fomblin 
(perfluoro-polypropylether, PCR, Gainesville FL). 
Other instrumental conditions were as in [ 181. 
Enzymatic digestions were carried out with 5 nmol 
substrate and 5 pg enzyme in 0.1 M pyridinium acetate 
buffer @H 8.2) for Cpases A and B, and pH 7.0 for 
Apase M. Other reaction conditions are given in the 
figure legends and in table 2. Reactions were terminated 
at various time intervals by heating to 100°C for 1 min, 
and the reaction mixture was lyophilized. An aliquot 
of 1 nmol was subjected to amino acid analysis. The 
remaining aliquot was dissolved in 50 ~1 water, and 
1 /.d acetic acid was added. This solution (2 ~1) was 
loaded on the FD emitter. After evaporation of the 
solvent, the emitter was introduced in the ion source 
and heated at a rate of 4 mA/min. Acquisition of 
spectra by the data system was started at -5 mA 
EHC with a scan rate of 2 s/decade, and continued up 
to a maximum EHC of 30 mA. The desorption profile 
consisting typically of 60 single scans over 17-25 mA 
was then accumulated into a resultant spectrum 
which was evaluated for sequence determinations. 
3. Results 
As typically found in previous FD mass spectral 
studies of oligopeptides [7,8], the FD spectra of the 
hexapeptide, Leu-Trp-Met-Arg-Phe-Ala and the 
corresponding partial sequences readily yielded mol- 
ecular ions of predominant abundance (table 1). All 
peptides, when prepared at conditions as those used 
for the enzymatic digestions showed a homogeneous 
series of MH’ ions. No formation of molecular cluster 
ions such as [MA]’ to be expected in the presence of 
Table 1 
FD mass spectra of Leu-Trp-Met-Arg-Phe-Ala, Glu-Thr-Tyr-Ser-Lys and related peptides with partial sequences 
Pep tide m/e, MH+ 
(%)b 
EHC 
(mA) 
m/e, Fragment ionsa 
(%)b 
Leu-Trp-Met-Arg-Phe -Ala 823c 
Leu-Trp-Met-Arg-Phe 752’ 
Leu-Trp-Met-Arg 604 
Leu-Trp-Met 448 
Leu-Trp 317 
Met-Arg-Phe-Ala 523 
Arg-Phe-Ala 392 
Phe-Ala 236 
Glu-Thr-Tyr-Ser-Lys 626 
Glu-Th-Tyr-Ser 498 
Glu-Thr-Tyr 411 
Tyr-Ser-Lys 400 
824(100) 18-27 
753(100) 17-25 
605(100) 18-26 
449(100) 17-25 
318(100) 15-24 
524(100) 18-24 
393(100) 18-24 
237(100) 16-22 
_ 
401(100) 
20-25 609, [MH-H,O]+ (100) 591(98) 480(6) 375(7) 
19-24 481, [MH-H,O]+ (100) 463(45) 375(5) 
18-23 394, [MH-H,O]+ (15) 393(25) 376(55) 375(100) 247(8) 
17-25 400(20) 277(12) 276(6) 
751(3) 673(8) 544(12) 509(4) 447(12) 299(8) 225(23) 
709(6) 605(3) 604(8) 545(7) 544(10) 447(7) 412(2) 
561(8) 545(6) 492(6) 412(3) 306(10) 289(8) 
309(5) 289(3) 
299(41) 205(3) 
491(g) 451(6) 375(12) 305(16) 304(18) 219(4) 218(3) 
320(5) 319(7) 253(7) 211(8) 
_ 
a Fragment ions >m/e 200 are listed 
b Relative intensity 
c Nominal Mr with consideration of mass defect according to the mass calibration used (section 2) 
The peak intensities given refer to spectra accumulated from single scans at the EHC range indicated (section 2) 
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alkali metal ions A’ [21] was observed. The forma- 
tion of fragment ions was notable at 220 mA heating 
currents. However, the intensity of fragments was 
quite low even in spectra accumulated at G28-30 mA 
EHC. A preferred fragmentation pathway is the 
thermal cleavage of amino-alkyl linkages leading to 
ions with carboxamide end-groups [7,10], such as at 
Ala (m/e 75 l), Phe (m/e 604) and Arg (m/e 447). 
While providing some sequence information from the 
N-terminus, this fragmentation does not interfere 
with the identification of MH’ ions of the C-terminal 
partial sequences to be expected by Cpase digestion 
(table 1). Other fragment ions in the spectra of these 
peptides are difficult to rationalize and do not cor- 
respond to simple cleavages. 
FD mass spectra of the peptide mixtures produced 
by partial digestion of Leu-Trp-Met-Arg-Phe-Ala 
with Apase M are shown in fig.la-d. With theMr for 
the complete peptide and the amino acid composition 
at hand, the partial sequence, Leu-Trp-Met- is 
immediately apparent by subtractive analysis from 
theMH+ionsat m/e824,711,524and393 (fig.la-c). 
Note that the nominal mass difference for the Trp 
residue between m/e 7 11 and 524 is to be incremented 
by 1 mass unit according to the hydrogen mass defect 
above about m/e 700 due to the mass calibration 
employed. The identification of the MH’ sequence 
ions is very clear, and their relative abundance distri- 
bution is, qualitatively, well consistent with time 
course and temperature of the enzymatic digestion 
(see below). Fig.1 d shows that all the possible sequence 
information, Leu-Trp-Met-Arg- is revealed by a 
single FD spectrum obtained from a mixture of Apase 
digest aliquots (m/e 237 for Phe-Ala; m/e 165 and 89 
for Phe and Ala). Digestion of the present peptide 
with Cpases A and B and FD mass spectral analysis of 
aliquots at various times or mixtures of them yielded 
the same definite sequence data (fig.1 e,f; table 2). 
MH* ions at m/e 753,605,449 and 3 18 correspond 
to the partial sequence, -Met-Arg-Phe-Ala-OH 
and are thus complementary to the Apase data. In the 
Cpase digests, the ions at m/e 753 (Leu-Trp-Met- 
Arg-Phe) were found with very low abundances in 
all but the initial digest aliquots, which reflects the 
high rate of release of the second residue Phe after 
release of the C-terminal Ala by this enzyme (fig.lf). 
Considering the mass of this peak as a sequence ion, 
the mass difference of 218 to the next sequence ion, 
m/e 605 does not correspond to any amino acid 
residue but to combinations of two amino acids such 
34 
-J-.-Y--.J. 
50d 608 700 
CLEW. I HP,‘30 CR E%. 1 
RUIN0 -PtPlIO8 
2 0 300 A00 
OKfSTION RIXIIJRE 
500 600 780 8i?0 900 1PQB 
Fig.1. FD mass spectra of aliquots obtained from partial 
digestion of Leu-Trp-Met-Arg-Phe-Ala with Apase M and 
Cpase A: (a) Apase M, 1 h, 30°C. (b) Apase M, 1 h, 40°C; 
(c) ApaseM, 3 h, 30°C; (d) mixture of equalvolumes of digests 
(a)-(c) plus Apase M digest aliquot, 6 h, 30°C; (e) Cpase A, 1 h, 
37°C; (f) Cpase A, 2 h, 37°C. Amounts containing -0.2 nmol 
substrate mixtures were loaded on the FD emitter (section 2). 
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as Ser t Met or Cys t Asp which, however, are ruled 
out by the ammo acid composition. With regard to 
the possible complication of missing sequence ions of 
low abundance, some experiments were made to cor- 
relate the release of ammo acids as determined by 
amino acid analysis with the FD mass spectral detec- 
tion of MI-I+ ions of residual fragments. These data 
(table 2) show that in all cases the presence of MH+ 
ions of residual peptide fragments was indeed qualita- 
tively consistent with the release of a significant por- 
tion of the corresponding amino acid. No satisfactory 
quantitative correlation with the relative intensity 
distribution of MH’ sequence ions was obtained so 
far, although the overall correspondence of peak 
intensities with the time course of the enzymatic 
digestion is evident (cf. fig.1). Also, molecular ions of 
the free amino acids were not detected in all cases 
where the corresponding MH’ ion of the residual pep- 
tide fragment was present. This effect may be due to 
several factors, such as the inhomogeneous kinetics of 
release of individual ammo acids, and differences in 
the relative FD ionization efficiencies among the sub- 
strate mixtures. 
A most interesting result from this study was the 
absence of any qualitative and quantitatively signifi- 
cant interference by the exopeptidases used.‘ Almost 
all additional ions of notable abundance were recog- 
nized as fragments of the oligopeptide substrates. FD 
spectra of Cpase and Apase blank samples did not 
show any significant ions of higher masses in the tem- 
perature range of interest (-15-28 mA EHC). Ions 
indicative of thermal decomposition were observed at 
high temperatures 030 mA EHC) but appeared pre- 
dominantly in the lower mass range (m/e < 200). 
Also, no significant reduction of the FD sensitivity 
for the MH’ ions (l-4 X 10-r’ C/pg for MH’ of 
Leu-Trp-Met-Arg-F’he-Ala) was observed in 
spectra of enzyme samples spiked with the present 
oligopeptides. 
Since any successful sequence analysis by the 
present approach depends critically on the certainty 
of Mr determination, another model peptide, Glu- 
Thr-Tyr-Ser-Lys, was studied which did not yield 
a molecular ion. As reported previously [22] (cf. 
table l), FD spectra of peptides with cu-Glu at the 
N-terminus do not show any significant molecular 
ions because of a predominant thermal elimination of 
water and formation of pyroglutamyl residues. This 
effect leads to [MH-H20]’ ions of high abundance. 
In the FD spectrum of Glu-Thr-Tyr-Ser-Lys 
GLU- 
(b) 
316 
+ 
Fig.2. FD mass spectra of (a) Glu-Thr-Tyi-Ser-Lys and 
(b) a mixture of equal volumes of digest aliquots after Cpase 
digestion at 1 h, 3 h and 6 h, 37°C. The sample amount 
loaded on the emitter contained -0.4 nmol substrate mixture. 
(fig2a), the [MH-H20]+ ion (m/e 609) appears as 
base peak and is accompanied by an abundant ion at 
m/e 59 1 according to the elimination of a second 
molecule of water (from the Thr residue). This finding 
may be explained by the lability of the particular 
arrangement, ct+Glu-Thr-, since the spectrum of 
Tyr-Ser-Lys (table 1) showed an intensive MH’ ion 
without any appreciable fragmentation. Digestion of 
the pentapeptide with Cpase A combined with FD 
mass spectral analysis demonstrated that the complete 
sequence information is obtained even in the case of 
this complication, given the additional information 
about the presence of N-terminal a-Glu. The spectrum 
of a mixture of partial digest aliquots (fig.2b) contains 
all [MH-HsO]+ions at m/e 609,481,394 and 231 
associated with the ions due to the additional elimina- 
tion of Hz0 (m/e 591,463,375/376 and 213). Fur- 
thermore, analysis of the lower mass region shows the 
presence of free Tyr (m/e 181/182), Ser (m/e 105) 
and Lys (m/e 146). 
4. Discussion 
The ease and certainty with which complete 
sequence data were obtained with the peptides used 
here indicates that the specific combination of exo- 
peptidase digestion and FD mass spectrometry may 
develop as a powerful approach for amino acid 
sequence determinations. The requirement that the 
23 
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data obtained from MH’ sequence ions plus molecular 
ions of released amino acids, and that of total and 
released amino acid analyses be consistent with each 
other should provide a high degree of confidence. The 
sequence determination may be obtained by a single 
proper digest aliquot (or appropriate mixtures), but 
the identification of the sequencing molecular ions 
will be facilitated, in any problem case, by comparison 
of spectra of aliquots through the time course of 
enzymatic digestion, and by enzymatic digestion 
from the other terminus. This method provides reliable 
sequence data in cases where exopeptidase digestion 
and conventional analysis typically fail, such as 
repetitive amino acid residues, or very inhomogeneous 
kinetics. The FD mass spectral analysis is rather tolerant 
to intrinsic mis-information from exopeptidase diges- 
tion data that may confuse the analysis of released 
amino acids, such as autodigestion of the enzyme 
(producing mainly amino acids) and endopeptidase 
activity present (decreasing immediately the substrate 
size). The two crucial prerequisites for the successful 
FD mass spectral analysis are: 
(i) The detection of all peptide fragments in a par- 
ticular digest mixture; 
(ii) The production of a homogeneous set of molec- 
ular ion species. 
Precise control of the emitter temperature [ 121 and 
spectra accumulation techniques as applied in this 
study are essential to meet the first requirement, while 
the use of pyridinium acetate as a buffer solvent was 
found quite advantageous to obtain exclusively MH’ 
ions. Principal limitations for the FD mass spectral 
sequencing are identical amino acid M,-values (Leu/ 
lie and Gln/Lys), and the M,-limit of the peptide 
amenable to FD mass spectrometry. FD spectra of 
-100 model peptides containing proteinogenic amino 
acids obtained in our laboratory so far suggest an 
upper limit of -2000 for a relatively safe and easy 
MI determination, with our present instrumentation. 
Major advantages of the combination, exopeptidase 
digestion and FD mass spectrometry are high sensitiv- 
ity, simplicity and speed of analysis, and the absence 
of interfering ions from the enzyme. The latter fmd- 
ing may prove advantageous in comparison with other 
methods of stepwise cleavage producing by-products 
by chemical reactions, such as Edman degradation 
combined with FD mass spectrometry [ 12,131. Work 
on the sequence determination of several cleavage 
products from T4 bacteriophage ligase using this 
method is in progress. 
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